Background: Recent European studies suggest that vitamin D deficiency may be associated with increased odds ofcognitiveimpairmentinolderpersons,althoughfindingsfromtheUnitedStatesareequivocal.Ourobjectivewasto investigatetheassociationbetweenvitaminDdeficiencyandcognitiveimpairmentintheelderlyU.S.population.
V ITAMIN D may be neuroprotective as it influences neurogenesis,calciumhomeostasis,theexpressionof neurotrophic factors, detoxification, and amyloid-beta clearance (1) (2) (3) . Recent population-based studies have linkedlowserum25-hydroxyvitaminD(25(OH)D)levels tocognitivedysfunctioninolderadultsinEngland(4)and across Europe (5) . However, the evidence from studies in the United States is less consistent. Low 25(OH)D levels wereassociatedwithcognitivedysfunctioninhomebound elderly adults from Boston (6) . However, those with the highest levels of serum 25(OH)D were more likely to be impairedonatestofdelayedverbalmemoryinolderU.S. adultsfromtheThirdNationalHealthandNutritionExaminationSurvey(NHANESIII) (7) .Wehypothesizedthatthe inconsistency between the results from NHANES III and other studies might reflect the minimal adjustment for potentialconfoundersorthelimiteduseofavailablecognitive measures.Wethereforeexaminedthemultivariateadjusted association between vitamin D and cognitive impairment usingdatafromNHANESIII.
Methods

Participants
NHANESIIIisdesignedtoassessthehealthandnutritional status of the noninstitutionalized U.S. population. NHANES III is a large, nationally representative, crosssectionalpopulation-basedstudyofpersonsaged2months andolderlivingintheUnitedStatesbetween1988and1994 selected using a stratified multistage probability sampling design. Data were collected via detailed household interviews,includingdemographic,socioeconomic,dietary,and health-relatedquestions. Participantsalsocompletedmedi (8) (9) (10) .
Neuropsychological Tests
Six neuropsychological tests incorporated in NHANES IIIweredesignedforadministrationintheparticipants'preferredlanguage(EnglishorSpanish)andwereselectedto assess cognitive functions typically affected in dementia (seeTable1).Theevaluationincludedmeasuresoforientation,immediateanddelayedverbalmemory,andattention. Orientationintimeandplacewasassessedusingsixitems fromtheMini-MentalStateExamination (11) .Immediate anddelayedverbalmemorywasassessedusingobjectand storyrecalltasks.Theobjectrecalltaskincorporatesthree words ("apple," "table," and "penny") and is also taken fromtheMini-MentalStateExamination (11) .Inthetest, the interviewer repeats the three words up to three times untiltheyhavebeensuccessfullylearned(participantswere scoredonthefirsttrialonly (13) .
We obtained a global cognitive function score by summingthestandardizedscoresfromeachofthesixneuropsychologicaltests(Table1).Compositescoresarecommonly used because they integrate information from multiple sourcesandprovideamorestablerepresentationofcognitivefunctionthanasingletest (14) .Wealsoderivedaseparate memory composite score by summing the standard scoresfromeachofthefourmemorytestsaspreviousresultsfromthesamesamplesuggestednoassociationwitha limitedmeasureofdelayedverbalmemory (7) .Wedefined cognitiveimpairmentasthelowest10%ofthedistribution of cognitive performance. Such a population-based cutoff pointisasensitiveandspecificindicatorofcognitiveimpairment (15)andhasbeenusedpreviously (16) (17) (18) .
Statistical Analyses
Multivariate logistic regression models were used to determine the relationship of serum 25(OH)D to cognitive impairment.Wedividedthelevelsofserum25(OH)Dinto clinically relevant groups to aid interpretation: severely 25(OH)Ddeficient(definedas<25nmol/L),25(OH)Ddeficient (defined as ≥25 < 50 nmol/L), 25(OH)D insufficient (defined as ≥50 < 75 nmol/L), and sufficient 25(OH)D (definedas≥75nmol/L) (19, 20) .Infullyadjustedmodels, we controlled for the following variables that have previouslybeenidentifiedaspotentialconfoundersinstudiesof 25(OH)Dandcognition (4) (19) . We therefore compared those who were severely deficient (defined as <25 nmol/L) or deficient (defined as ≥25 < 50 nmol/L) with this broader reference group.Weexaminedwhethernaturallog-transformedlevels ofvitaminDwerealsoassociatedwiththeoddsofcognitive impairment. Finally, we investigated possible two-way interactionsbetween25(OH)Dandageorsexbyincluding producttermsinafullyadjustedmodel.
Because differential participation, the deliberate oversampling of minority groups, and similarities between related observations have the potential to bias results, we performed weighted logistic regression analyses using official NHANES III population weights, clusters, and strata.Two-sidedstatisticaltestswereusedthroughout,and theTypeIerrorrateforstatisticalsignificancewaspresetat .05.All analyses were performed using Stata SE version 10.1(StataCorp,CollegeStation,TX).
Results
ThestudypopulationisdescribedinTable2.Participants who were cognitively impaired were more likely to be 25(OH)Ddeficientorseverelydeficientincomparisonwith those who were cognitively normal when unadjusted frequencieswerecompared.Anumberoffurtherdifferences were observed between the characteristics of participants whowerecognitivelyimpairedandthosewhowerecognitivelynormal.Thosewhowerecognitivelyimpairedwere alsomorelikelytobeolder,ofblackorotherrace/ethnicity, testedbetweenSeptemberandNovember,physicallyinactive,haveimpairedmobilityanddiabetes,andhavelower education, body mass index, alcohol consumption, serum vitaminE,andincome.
In an unadjusted logistic regression model, participants whowereseverely25(OH)Ddeficientweremorelikelyto sufferfromcognitiveimpairment(Table3).Significantlineartrendsbetweengroupssuggestedamonotonicrelationship. These associations were attenuated but remained significantfollowingadjustmentforage,sex,race/ethnicity, education,seasontested,currentsmokingstatus,bodymass index, alcohol consumption, serum vitamin E, combined familyincome,impairedmobility,andphysicalinactivity. Infullyadjustedmodels,thosewhowereseverely25(OH) Ddeficientwerearoundfourtimesmorelikelytobecognitivelyimpaired.Additionaladjustmentforstroke,diabetes, and hypertension slightly attenuated the association between25(OH)Dandcognitiveimpairment(Table3).Post hocanalysesrevealedthattheobservedattenuationwasdue totheinfluenceofdiabetesratherthanofstrokeorofhypertension,perhapssuggestingpartialmediationoftheassociationbydiabetes(datanotshown).
Inafurtherunadjustedlogisticregressionmodel,participantswhowereseverely25(OH)Dweremorelikelytohave impairedmemory(Table4),andtherewasevidencefora monotonic relationship. However, participants who were 25(OH)D insufficient were less likely to have impaired memorythanthosewhoweresufficient.Theassociationbecamelessclearinthefullyadjustedmodel,andtherewas nolongerthesuggestionofamonotonicassociation.Additionaladjustmentforstroke,diabetes,andhypertensiondid notchangethepatternofassociations.
Whenabroaderdefinitionof25(OH)Dsufficiencywas adopted, a highly similar pattern of associations was observed(Figure1).Participantswhowere25(OH)Ddeficient (≥25<50nmol/L)andseverelydeficient(<25nmol/L)in comparisonwiththosesufficient(≥50nmol/L)wereagain morelikelytobecognitivelyimpaired(pforlineartrend= .002).Afullyadjustedlogisticregressionmodelincorporatingnaturallog-transformedlevelsof25(OH)Dratherthan predefined categories also indicated that low levels of 25(OH)D were associated with greater odds of cognitive impairment(p=.015).Nosignificanttwo-wayinteractions wereobservedbetween25(OH)Dlevelsandsex(p=.34)or age(p=.92).
Discussion
In this large population-based study, we found that elderlypeoplewithlowlevelsof25(OH)Dwereatincreased riskofcognitiveimpairment,andtherewasevidenceofa monotonic relationship. The association remained significantfollowingadjustmentforawiderangeofpotentialconfounders.Theassociationbetween25(OH)Dandmemory impairmentwasunclear.Thisisoneofthefirstpopulationbased studies to show that 25(OH)D deficiency is associatedwithagreaterriskofcognitiveimpairment.
Thestrengthsofthisstudyincludethestatisticaladjustmentforawiderangeofpotentiallyconfoundingvariables, suchassociodemographics,healthbehaviors,clinicalstatus, anddietaryfactors.Responserateswerehigh,andminimal biasislikelyduetoattrition.Theassessmentofcognitive impairment included a range of neuropsychological tests that assess different cognitive domains. NHANES III is a largewell-characterizedstudy,whichincorporatesadiverse samplethatisrepresentativeoftheU.S.population.These resultsarethereforemorelikelytogeneralizetootherpopulations.Anumberoflimitationsshouldbeconsideredwhen interpreting our findings. Low levels of 25(OH)D may reflectthelimitedoutdooractivityofparticipantswhoarecognitively impaired and it is not possible to discount the possibilityofreversecausalityonthebasisofcross-sectional evidence.However,weadjustedforimpairedmobilityand physical inactivity, which did not greatly attenuate the association.Althoughtheresponseratewashigh,itisstill possible that missing data and nonresponse biased our results.Wethereforeconductedweightedanalysestoallow fornonrandomattrition.
Itisnotlikelythatthedifferenceobservedbetweenour findings and those reported in a previous analysis of NHANES III (7) reflects differences in adjustment for potential confounders as both our unadjusted and fully adjustedmodelssuggestedarobustassociationwithcognitive impairment. More likely, the differences observed reflect thedifferentcognitivemeasuresincorporated.Inthepreviousanalysis,therawscoresofthedelayedelementofthe object and story recall tasks were summed to derive a " memoryandlearningscore."Inouranalysesofcognitive impairment,weutilizedacompositescore,whichincorporatedthefullrangeofNHANESIIIcognitivemeasures(additionaltestsoforientation,immediateverbalmemory,and attention).Byintegratinginformationfrommultiplesources in this way, we obtained a more stable representation of cognitivefunctionthanasinglemeasure (14) .Itisalsopossible that 25(OH)D levels are primarily associated with cognitive dysfunction in domains other than memory as wehavepreviouslyhypothesized (4 
